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Abstract. Multiple-series and multiple-parallel connections of quantum Hall
elementary devices allow the realization of multiple or fractional values of the quantized
Hall resistance, rejecting the effect of contact and wiring resistances. We introduce here
the multiple-bridge connection, which maintains the properties of multiple-series and
parallel connections and allows more freedom in the choice of the topology of networks
composed of quantum Hall elements, and the design of more efficient quantum Hall
array resistance standards (and other devices). As an example, a 5-element network is
analyzed in detail.
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1. Introduction
Electrical networks composed of interconnected multiterminal quantum Hall effect
(QHE) devices are of great interest for electrical metrology. Quantum Hall
array resistance standards (QHARS) [1–9] are integrated devices which allow the
representation of the ohm in the International System of Units with values (e.g.,
decadic) suitable for the calibration of artifact resistance standards of practical interest;
other networks realize intrinsically-referenced voltage dividers [10] or allow universality
tests [11] with unprecedented sensitivity levels.
All such networks are presently based on the repeated application of the so-
called multiple-series or multiple-parallel connections [12]. The denomination of these
connections is taken from the usual series or parallel connection of two-terminal resistors.
Their purpose is to realize a compound network of two QHE elements, having a four-
terminal resistance value which is close to twice (for multiple-series) or half (for multiple-
parallel) the resistance RH of each element, with a strong rejection of the unavoidable
resistances of the contacts and of the electrical wiring.
A generic electrical network of two-terminal resistors not only includes series or
parallel connections; a major building block is, in fact, the bridge connection. Figure 1
shows a network composed of two-terminal resistors, connected in a bridge configuration.
Figure 1. Two-terminal resistors arranged in a bridge network. With the normalized
values given in the figure, the resistance between terminals H and L is RHL = 13/11.
In this Communication, we investigate the realization of a multiple-bridge
connection of QHE elements. We show that the multiple-bridge connection has, in
common with the multiple-series and the multiple-parallel ones, the property of strong
rejection of contact and wiring resistances. The multiple-bridge connection can be
employed as a building block of QHE networks; in particular, it allows the design
of QHARS having values that, if realized only with double-series or double-parallel
connections, would require a larger number of QHE elements; hence, it can improve the
design of QHARS of practical interest.
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(a) (b)
Figure 2. (a) Double series and (b) double parallel connection of two quantum Hall
elements. Each element is provided with two current contacts (1,3) and two voltage
contacts (2,4). The resulting networks have two current terminals (IH, IL) and two
voltage terminals (VH, VL) each.
2. Preliminaries and notation
In what follows, QHE elements are labelled with lower-case letters. The magnetic flux
density B is assumed to be pointing out of the page. All QHE elements are supposed
to be in the same fully quantized state, with RH = RK/i, where RK is the von Klitzing
constant and i is the plateau index. We employ the notation given below, partly taken
from [12,13]:
• r = RH/2 is the resistance associated with the Ricketts-Kemeny model [14] of a
QHE element;
• ǫkx r is the resistance of contact k (including the wiring resistance) of element x;
• m is the connection order. m = 2 corresponds to a double-series (figure 2(a)),
double-parallel (figure 2(b)) or double-bridge connection; m = 3 corresponds to the
triple-series, triple parallel or triple-bridge connection;
• R
(m)
S
is the four-terminal resistance of them-series connection of two QHE elements;
• R
(m)
P
is the four-terminal resistance of the m-parallel connection of two QHE
elements.
It was shown in [12, 13, 15] that
R
(m)
S
= 2RH (1 +O(ǫ
m)) , R
(m)
P
=
1
2
RH (1 +O(ǫ
m)) , (1)
where O(·) is the big O notation, the order of magnitude of the dependence on ǫ.
3. Double-bridge connection
Figure 3 shows the connection of five QHE elements in order to realize a four-terminal
network with a topology corresponding to that given in figure 1. The four-terminal
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Figure 3. A network of five QHE elements, with a topology corresponding to that of
figure 1 and including a double-bridge connection. The elements are provided with two
current contacts (1,3) and two voltage contacts (2,4). The network has two current
terminals (IH, IL) and two voltage terminals (VH, VL).
resistance R
(2)
B
of the network has been computed with the matrix analysis method
described in [13]:
R
(2)
B
=
13
11
RH
(
1 +
49ǫ1aǫ2a
1144
−
7ǫ1aǫ2b
286
−
7ǫ1bǫ2a
286
+
2ǫ1bǫ2b
143
+
2ǫ1cǫ2c
143
+
2ǫ1cǫ4b
143
+
ǫ1dǫ2d
858
−
ǫ1dǫ2e
286
+
7ǫ1dǫ4a
1716
−
ǫ1eǫ2d
286
+
6ǫ1eǫ2e
143
+
7ǫ1eǫ4a
286
+
25ǫ1fǫ2f
858
+
5ǫ1fǫ4c
429
+
5ǫ1fǫ4d
1716
+
2ǫ2cǫ3b
143
+
7ǫ2dǫ3a
1716
+
7ǫ2eǫ3a
286
+
5ǫ2fǫ3c
429
+
5ǫ2fǫ3d
1716
+
49ǫ3aǫ4a
858
+
2ǫ3bǫ4b
143
+
8ǫ3cǫ4c
429
−
ǫ3cǫ4d
429
−
ǫ3dǫ4c
429
+
ǫ3dǫ4d
858
+
9ǫ3eǫ4e
286
−
15ǫ3eǫ4f
572
−
15ǫ3fǫ4e
572
+
25ǫ3fǫ4f
1144
)
, (2)
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=
13
11
RH
(
1 +O(ǫ2)
)
. (3)
Equation (2) shows that the double-bridge connection allows the rejection of the
parasitic resistances to the order O(ǫ2), characteristic of the double-series and double-
parallel connections.
4. Triple-bridge connection
Multiple-bridge connections having order m > 2 can be realized. Figure 4 shows a
triple-bridge connection of six-terminal QHE elements, having the same topology of
figures 1 and 3. The resulting four-terminal resistance has a convoluted expression‡,
which however can be summarized as R
(3)
B
= 13
11
RH (1 +O(ǫ
3)), as expected from triple
series or parallel connections.
Figure 4. The same network of figure 3, here in triple-bridge connection. Each element
is now provided with two current contacts (1,4) and four voltage contacts (2,3,5,6).
‡ To those interested, the authors can provide the Mathematica R© notebook of the full calculation.
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5. Conclusions
We have shown that the multiple-bridge connection of quantum Hall elements maintains
the rejection properties of multiple-series and multiple-parallel connections. The
inclusion of the multiple-bridge connection as a building block allows the realization
of new QHE networks, which may result more efficient than the ones including only
multiple-series or multiple-parallel connections. This is demonstrated by the example
given in figures 1, 3 and 4, where the normalized value 13/11 is achieved with 5 QHE
elements; the same value requires at least 8 elements to be generated in networks without
bridges. Whether a similar efficiency improvement can be achieved in devices of practical
interest, such as decadic-valued QHARS, will be the subject of future investigations.
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